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Abstract 

We study here the equation of state of symmetric nuclear matter at finite tempera- 
tures using a modified SU(2) Chiral Sigma model. The effect of temperature on effective 
mass, pressure, entropy and binding energy is discussed. The liquid-gas phase tran- 
sition is investigated and the critical values of temperature, density and pressure are 
calculated. 
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1 Introduction 



Accurate description of properties of hot, dense nuclear matter is a fundamental problem 
in theoretical physics. To determine the properties of nuclear matter as functions of 
density and temperature, one must study the ground state and excited states of normal 
nuclei along with the highly excited states of normal nuclei created in nucleus-nucleus 
collisions and in nuclei far from stability, which may be created in radioactive beamsfl]. 
As the equation of state(EOS) describes how the energy density and pressure vary with 
density and temperature, it is possible to study the liquid-gas phase transition, which 
may occur in the warm and dilute matter produced in heavy-ion collisions. Several 
authors had studied the liquid-gas phase transition using non-relativistic theory[2] and 
the critical temperature has been estimated to be in the range 15-20 MeV. But the 
experimental results for warm and dilute nuclear matter produced in heavy-ion collisions 
support a small liquid-gas phase region with a low critical temperature T c 13.1 ± 0.6 
MeV [3]. For symmetric nuclear matter, using relativistic mean field theory, the critical 
temperature given by Walecka model is T c ps 18.3 MeV which reduces to T c xs 14.2 
MeV [4] if the non linear terms are included. 

In the present paper, we continue our investigation with modified SU(2) chiral sigma 
model(MCH)[5,6] using relativistic mean-field calculations for symmetric hot, dense nu- 
clear matter. The earlier studies have SU(2) chiral sigma model as a viable microscopic 
model for description of dense nuclear matter. In the present work, We study the effect 
of temperature on the EOS, effective mass, entropy and binding energy for symmetric 
nuclear matter and also investigate the liquid-gas phase transition. 

This paper is organized as follows: In sec. 2, we present nuclear matter at finite 
temperature. The results and discussion are presented in sec. 3. We end with concluding 
remarks in sec. 4. 
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2 Nuclear matter at finite temperature 

We use MCH[5,6] model for symmetric nuclear matter since chiral model has been very 
successful, as such, in describing high density nuclear matter. The importance of chiral 
symmetry[7] in the study of nuclear matter was first emphasized by Lee and Wick[8] and 
has become over the years, one of most useful tools to study high density nuclear matter 
at the microscopic level. The nonlinear terms in the chiral sigma model give rise to the 
three-body forces which become significant in the high density regime[9]. Further, the 
energy per nucleon at saturation needed the introduction of isoscalar field [10] in addition 
to the scalar field of pions[ll]. The MCH model[5,6] considered by us includes two extra 
higher order scalar field interaction terms which ensures an appropriate incompressibility 
of symmetric nuclear matter at saturation density. Further, the equation of state(EOS) 
derived from this model is compatible with that inferred from recent heavy-ion collision 
data [12]. 

The EOS for hadronic phase is calculated by using the Lagrangian density[5] (with 
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In the above Lagrangian, = d ll u u — d v uj^ and x = (tv 2 + cr 2 ) 1 / 2 , ip is the nucleon 
isospin doublet, n is the pseudoscalar-isovector pion field, a is the scalar field and u^, is 
a dynamically generated isoscalar vector field, which couples to the conserved baryonic 
current = ■07 jU , 0- B and C are constant coefficients associated with the higher order 
self-interactions of the scalar field. 

The masses of the nucleon, the scalar meson and the vector meson are respectively 
given by 

m = g<rX , m a = V2\x , m u = g^x (2) 

Here Xq is the vacuum expectation value of the a field , g u and g a are the coupling 
constants for the vector and scalar fields respectively and A = (m 2 — m 2 )/(2/ 7r 2 ), where 



m n is the pion mass , f n is the pion decay coupling constant . 

Using Mean-field approximation, the equation of motion for vector meson field is 
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% is the baryon number density at temperature T and is given by 
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with n(T) — e (E*(fe)L)/3 +1 , n(T) — e{E *(k)+ V )i3 +1 , 

where E*(k) = (k 2 + y 2 m 2 ) x l 2 , the effective nucleon energy, v — /jl b — C^ris/y 2 , the 
effective baryon chemical potential, f3 = 1/KbT, 7 is the spin degeneracy factor with 
n(T) and n(T) being Fermi-Dirac distribution functions for particle and anti-particle at 
finite temperature and y = x/x is the effective mass factor which must be determined 
self consistently from the equation of motion for scalar field which is given by 



(i-y 2 



B n -^2 , C n ..2,s , 2C ff C u n% C al f°° dkk 2 (n + n) 



m 2 <V ' m^Cy ' m 2 y 4 n 2 Jo ^k 2 + m 
m* = ym is the effective mass of the nucleon and the coupling constants are 
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The energy density and pressure at finite temperature and finite density are given by 
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The entropy density can be obtained as 
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The values of four parameters C a , C u , B and C occurring in the above equations are 
obtained by fitting with the saturation values of binding energy/nucleon (-16.3 MeV), 
the saturation density (0.153 fm~ 3 ), the effective(Landau) mass (0.85M)[13], and nuclear 
incompressibility (~300 MeV), in accordance with recent heavy-ion collision data[12] are 

= 1.999 fm 2 , C a = 6.816 fm 2 , B = -99.985 and C = -132.246. 

Thus the energy density, pressure and entropy density for symmetric nuclear matter 
at finite temperature and finite density can be evaluated by first solving equations (4) and 
(5) self consistently for fixed choosen value of the inverse temperature (3 with variation 
of tib to get fiB and y and then making substitution in equations (7) and (8). 

3 Results and discussions 

In Fig.l, we show pressure as a function of density n B at different temperatures. For 
a given n#, the pressure has the usual trend of increasing with temperature [4]. As the 
temperature increases the EOS becomes stiffer. Pressure has a non-zero value for % = 
at and above a temperature of 200 MeV. It indicates that pressure has a contribution 
arising from the thermal distribution functions for baryons and anti-baryons as well as 
from the non-zero value of the scalar field. Similar results were also obtained by Panda 
et al. [14] for symmetric nuclear matter. The non-zero value for scalar a field has also 
been observed in Walecka model [4]. 

Fig. 2 shows the behavior of the effective nucleon mass with density at different tem- 
peratures. We observe that for low temperatures the results are not so different from 
those obtained at zero temperature. This implies that for low temperatures, the density 
dependence is more important than the temperature dependence. At 200 MeV the effec- 
tive nucleon mass m* first increases and then decreases slowly. This behavior indicates 
that the effective nucleon mass is considerable in contrast to the Walecka model [15] but 
quite similar to that in ZM models[16]. 

In Fig. 3 we show the effective mass as a function temperature at zero density (n^ = 
0) and saturation density(n B = 0.153fm -3 ). It is observed that for % = n , the M* 
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Figure 1: Pressure (P) as function of baryon number density at different temperatures. 

first increases slowly and then falls suddenly at about T ps 240 MeV. But for n B = 0, 
M* remains almost constant as the temperature increases and falls suddenly at about T 
m 235 MeV. This result shows that a first order phase transition appears at n B = 0, T 
pa 235 MeV which is similar to the result obtained for Walecka model, which has such a 
phase transition at T ^ 185 MeV[17]. Because of strong strong attraction between the 
nucleons at high temperatures the nucleon antinucleon pairs can be formed which may 
lead to abrupt change in M* to take place in high temperature region. 

The entropy density as a function of density at different temperatures is presented in 
Fig. 4. It is observed that entropy density is non-zero even at vanishing baryon density 
at and above a temperature of 150 MeV with contributions from the non-zero value of 
the sigma field. Similar behavior was also observed for entropy density in the Walecka 
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Figure 2: Effective mass as function of baryon number density at different temperatures. 

model and ZM model calculations [16]. This increase of entropy density with increase of 
temperature indicates a phase transition. 

Fig. 5 shows the energy per nucleon as a function of the baryon density at different 
temperatures. With the increase of temperature the minimum shifts towards higher 
densities and for higher temperatures the minimum of the curve becomes positive. It is 
also observed that as the temperature increases, the nuclear matter becomes less bound 
and the saturation curves in the MCH model are flatter than those observed in Walecka 
model[15,16]. This result implies that the nuclear matter EOS in MCH model is softer 
than that obtained in Walecka model. 

Lastly we present the pressure of nuclear matter as a function of baryon density for 
low temperatures in Fig.6. The figure shows that at zero temperature, the pressure first 
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Figure 3: Effective mass as function of temperature for constant baryon number densities. 

decreases, then increases and passes through P = at % = no (saturation density), where 
the binding energy per nucleon is a minimum. Decrease of pressure with density implies 
a negative incompressibility, K = 9(J^-), which is a sign of mechanical instability. When 
the temperature increases the region of mechanical instability decreases and disappears 
at the critical temperature T c , which is determined by J^- \t c — \t c — 0, above 

which the liquid-gas phase transition is continuous. We have obtained the value of 
critical temperature T c pa 17.2MeV, critical density n c pa 0.045/m~ 3 , critical pressure 
p c pa 0.274MeV/ fm~ 3 and which is in fair agreement with the results obtained in other 
studies[15,16,18] 
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Figure 4: Entropy density as function of baryon number density at different temperatures. 

4 Conclusions 

In this work, we have extended our earlier[6] investigations with MCH model at zero 
temperature to study the thermodynamic properties of symmetric nuclear matter at 
finite temperature. We have presented variations of pressure, effective nucleon mass, 
entropy density and energy per nucleon with respect to density for various temperatures. 
At zero density it is found that this model exhibit a phase transition at 235 MeV just 
as obtained in the Walecka model at 185 MeV[17]. We find in the zero temperature 
case, the MCH model gives a softer EOS of nuclear matter at finite temperature than 
the Walecka model. We also find that the model under investigation indicates a liquid- 
gas phase transition and the critical temperature is found to be T c 17.2 MeV above 
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Figure 5: Energy per nucleon as function of baryon number density at different temper- 
atures. 

which the liquid gas phase transition is continuous. The fair amount of agreement of our 
results with those of similar studies undertaken with different models strongly support 
MCH model as a viable model for description of nuclear matter at high density. 
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Figure 6: Pressure (P) as function of baryon number density at different temperatures. 
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